Durability of concrete structures represents a major challenge today for both existing and new structures. Fibre-reinforced polymer (FRP) composite rebar offers a highly durable alternative to steel rebar. Research on the use of FRP rebar has been conducted over the past 40 years; however, its widespread application is yet to occur. This paper investigates the use of FRP as reinforcement, in particular the application to slab elements and associated performance at serviceability and ultimate limit state. Existing design guidance such as the ACI and CSA standards are reviewed and a number of slab designs with dimensions common in practice are undertaken. A third approach that follows the Eurocode design philosophy is also reviewed. The design of the different slab forms is assessed according to these codes, and results compared with the behaviour predicted by non-linear finite-element analysis. The relative costs of each resulting slab design are also discussed. The findings highlight differences in the relative accuracy of the different code recommendations and indicate the need for further research to exclude potentially non-conservative design. The work presented is intended to provide a contextual comparison of existing design approaches, which will be useful to practitioners involved in design of concrete structures with FRP rebar.
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Different applications of fibre-reinforced polymers (FRPs) are available in the civil engineering 3 field, with the use of FRP strips or bars to externally repair or strengthen structural elements 4 being the most well-known and common technique. The technique investigated in this study 5 involves the substitution of traditional steel reinforcement with FRP bars. This is particularly 6 convenient in aggressive environments, where the FRP is able to guarantee better long-term 7 performances than unprotected steel reinforcement (Mertol et al., 2006) .
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The use of FRP materials for civil engineering applications was considered for the first time in 9 the 1960s to solve the problem of corrosion of highway bridges, and of structures heavily 10 exposed to marine salt or subjected to de-icing salt. However, at that time FRP reinforcing bars 11 were not commercially available and the first applications took place only in the 1980s. Initially,
12
FRP reinforcement was used in bridge decks (Clarke et al., 1998; Weaver, 1995) , in facilities for 13 magnetic resonance imaging (MRI) medical equipment, seawall construction (Cunningham and 14 Burgess, 2012; Cunningham et al., 2012; Nanni and Dolan, 1993) , substation reactor bases, 15 airport runways and electronics laboratories. During the first half of the 1990s, FRP applications 16 were widespread in Japan; then later, during the early 2000s, China became the largest user of 17 FRP materials. In 1986, the first prestressed FRP highway bridge was built in Germany, and the 18 use of FRP reinforcement started to spread in Europe (ACI, 2006 the largest single application of FRP at the time. To avoid the corrosion of reinforcement bars 21 and related phenomena, such as spalling or staining, the design team adopted FRP-reinforced 22 precast concrete (Cunningham and Burgess, 2012; Cunningham et al., 2012 ; also see Figure   23 1). Stainless steel is usually used for this type of application; however, owing to the market price 24 fluctuation of the material, the design team used the fibre-reinforced composite reinforcement 25 instead. This project proved that the material can be used in large-scale projects and that the 26 geo-metrical constraint due to the nature of the reinforcement can be overcome with careful 27 detailing. Nowadays, despite the potential of FRP materials for civil engineering applications 28 and the benefits they offer as an alternative to steel rebar, the use of FRP is still not 29 widespread. One of the reasons for this is the relative lack of design codes for FRP structures 30 (Shave, 2014) . In Europe, although there are Eurocodes for the common construction materials, 31 there is not one for FRP structures. Therefore, only specialists who already possess a 32 considerable amount of knowledge and understanding of the material usually embrace the 33 design of such structures, and many designers lack familiarity with the material. It is clear that 34 FRP materials are a possible and effective alternative to steel reinforcing bars for concrete 35 structures, and as their physical and mechanical behaviour is different from that of steel (e.g. 36 see Table 1 ), a specific guidance on their use is necessary. Another obstacle for the wide-scale 37 uptake of FRP rebar is the absence, unlike for steel rebar, of uniform quality standards. Every 38 manufacturer produces and certifies a different product, which makes the use of the material 39 more complex (Gremel, 2012; Railway Technology, 2007) . 
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Considering a balanced typical steel RC section, with a steel strength to stiffness ratio similar to 92 that of concrete, the neutral axis depth is usually not far above the middle of the effective depth.
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As for FRP reinforcement, the strength to stiff-ness ratio is greater by an order of magnitude, 94 and the neutral axis depth is very close to the compressive end, as shown in Figure 3 .
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Therefore for FRP RC elements, if the section is balanced, a large part of the cross-section is 96 subjected to tensile strain at rupture. This causes large flexural deflections and cracks where 97 the concrete is under tension. Owing to the large difference in stiffness between an uncracked 98 and a cracked section, the stress in the bars and the deflection vary substantially between the 99 two sections. The large amount of cross-section subjected to tensile strain can be decreased 100 either by pre-stressing or increasing the amount of reinforcement. However, considering that an 101 FRP RC section with ρf ≥ 0·5% is over-reinforced, increasing the amount of reinforcement will 102 lead to higher costs, larger short-term deformations due to the high strains needed and larger 103 long-term deformations owing to the high stress in concrete, which will cause larger creep 104 deformations (Pilakoutas et al., 2011).
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106 Table 2 Overview of existing codes/guides 107 Organisation
Year IStructE -Interim guidance on the design of reinforced concrete structures using fibre composite reinforcement (IStructE, 1999) .
1999
CSA S806-02 -Design and construction of building components with fiber-reinforced polymers (CSA, 2002) .
2002
ACI 440.1R-06 -Guide for the design and 2006 construction of structural concrete reinforced with Fiber-Reinforced Polymer (FRP) bars (ACI, 2015) . CNR DT 206/2006 -Guide for the design and construction of concrete structures reinforced with fiber-reinforced polymer bars (CNR, 2006) . 
In Eq. 6 the stress distribution is approximated with a rectangular stress block, where a is the 144 depth of the stress block:
The stress level in the FRP can be calculated as follows
The CSA uses a similar approach with Equation 7, where the moment resistance of the section 149 can be determined considering the force equilibrium:
where c is the neutral axis depth and ϕ c the material factor for concrete. The product β 1 c is the 152 depth of the stress block used to approximate the stress distribution, which leads to similar 153 results to Eq. 6. In Eq. 8 proposed in the fib report (fib -TG 9.3 (fib, 2007)), λ and η are factors 154 that take into account the strength of concrete. The ratio between the neutral axis depth and the 155 cross section effective depth ξ, can be calculated as follows 156
The stress block used when the failure is provoked by concrete crushing is not applicable when 159 designing an under-reinforced element and the failure is induced by the FRP rupture. In this 160 case the concrete compressive strain at failure is unknown and an approximated equivalent 161 stress block is needed. The ACI code proposes Eq. 14 to calculate the nominal moment 162 capacity.
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To avoid a complex analysis with multiple unknowns it is possible and conservative to assume 165 that the maximum concrete strain is attained, using Equation 15 166
where c b is the depth of neutral axis at balanced failure condition, and can be calculated as per 169 Eq. 16. A similar equation is proposed by the CSA Standard. Otherwise, it is necessary to 170 determine the concrete compressive strain, which can be done carrying out an iterative 171 procedure as suggested in the fib document (fib -TG 9.3 (fib, 2007)) 
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This approach brings benefit to the design, providing an accurate level of safety. It does not 189 imply that the suggested factor would necessarily be less restrictive than those presented in 190 Tables 3 and 4. In fact, as shown in the fib bulletin (fib -TG 9.3 (fib, 2007)) and in Stuart (2014) 191 the environ-mental strength reduction factor can reduce the bar strength by up to 40%. 
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Therefore, even considering that glass-fibre-reinforced polymer (GFRP) bars have a similar 211 price to stainless steel ones, it is more expensive to maintain the same deflection limit when 212 using FRP products (Balafas and Burgoyne, 2012). The Eurocode 2 formula for the calculation 213 of short-and long-term deflection for steel RC can be used for FRP-reinforced members, being 214 opportunely adapted using the factors to allow for the tension stiffening effect, duration of the 215 load and bond (CNR, 2006 with opportune changes of coefficients and crack width limit, to take into account the different 226 material and the different bond conditions.
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It can be seem in Table 5 that the crack width limitations for FRP RC elements are more relaxed 228 than for steel ones. This is because FRP bars are corrosion resistant and therefore less severe 229 limits can be adopted (ACI, 2006 requirements were not considered in this study, and it was assumed that the elements designed 247 would be able to carry the loads under fire through an alternative mechanism and load path.
248
The following slabs will now be analysed 249
• One-way RC spanning slab for a multi-storey car park using normal weight (NW) concrete 250
• Two-way RC spanning slab for a swimming pool roof using NW concrete 251
• Two-way RC spanning flat slab for a medical facility using light-weight (LW) concrete 252 
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The constitutive model used in this project is the concrete damaged plasticity (CDP) model. This 343 model was chosen because of its inherent robustness in regard to numerical convergence, 344 particularly where significant non-linear behaviour is in occurrence, (Daud et al., 2017;  345 Genikomsou and Polak, 2015) . One of the main advantages of the CDP model is the direct 346 relation between the parameters that describe the model and their physical interpretation. The 347 recommended values for the parameters describing the CDP model are summarised in Table   348 16. Further background detail on the FE model can be found in Stuart (2014), Kmiecik and 349 Kaminski (2011) and Simulia (2012) . Severe convergence difficulties might be caused in models where is the total strain rate, and and are the elastic and plastic parts of the strain 377 respectively. In the CDP model the inelastic strains are used to draw the stress-strain curve for 378 uniaxial compression, for more information refer to the ABAQUS manual (Simulia, 2012) .
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To transform the strains, it is necessary to identify the stress for which the material can be 380 considered as non-linearly elastic. As suggested in the Eurocode 2, this point was assumed as 381 0.4 f cm . When detailed laboratory results are not available, it is still possible to plot the concrete 382 stress-strain curve using an appropriate formula. In this study the concrete stress-strain 383 relation adopted is the one given by equation 3.14 from the BS EN 1992-1-1 (BSI, 2004) . A 384 weakening non-linear curve for the tension stiffening, shown in Figure 12 , was used in the 385 model validation (Wang and Hsu, 2001) . The relation is given in Equation 22 . The suggested 386 value for ε*, corresponding to a zero value of the stress, can be assumed equal to ten times the 387 strain at which f ctm is reached (Simulia, 2012) . A value of 0.01 is recommended. 14 and 15) . Similarly, for the two-way spanning slab, square elements with edges not 429 greater than 200 mm were used. However, the density of the mesh was adapted to have a 430 higher number of elements close to the edges and larger elements in areas with smaller stress 431 gradient, as shown on Figure 17 . The sizes of the elements ranged from 40 to 200 mm. In the 432 flat slab model a mesh similar to the one adopted for the two-way spanning slab was used 433 ( Figure 19) . The column supporting the slab was considered to be 1·5 m long on both sides of 434 the slab, tied to its surface and fully fixed at the edges (Figure 20) . 
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The three models show a brittle failure due to concrete crushing, as predicted by the codes. The 
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The results from the analysis in Abaqus are presented next. Reference is made to SLS and ULS 459 as the stages where the factored design load at serviceability limit state and at ultimate limit 460 state, respectively, were applied. The third and final stage presented, referred to as failure, is 461 the stage where the maximum strength of the material is reached under the load applied. The results obtained are collated and presented in Figure 33, 
